Plants respond to ambient temperature changes over a series of timescales. Genetic and physiological studies over the last decades have revealed myriad thermally sensitive pathways in plants. A recent study provides a genetic and biochemical mechanistic description of how thermal changes can be transduced to influence gene expression. What remains to be revealed in this, and other thermally controlled responses, is a description of the primary temperature-sensing event. Cooling and warming alter membrane fluidity and elicit intracellular free-calcium elevations, a process that has been considered the primary event controlling plant responses to temperature. Such direct thermal sensors appear to process temperature information. Future efforts will be required to identify the effector proteins linking perception to response. This review considers the evidence for plant thermometers to date, provides a description of several notable physiological and developmental processes under ambient temperature control, and outlines major questions that remain to be addressed in the understanding of thermometers in plants.
Introduction
Plants grow and develop across a range of ambient temperatures ( Figure 1 ). Species have adapted to persevere over a w50 C range, including extremes of plant growth near 0 C at the coastlines of Antarctica and near 50 C in the desert of the hottest place on Earth: El 'Azizia, Libya. Even for one plant, leaf temperatures can vary by more than 20 C within minutes, for example, as a result of heating from solar irradiation followed by cooling from a sudden breeze [1] . Interestingly, local changes in mean growth temperature can elicit both developmental and physiological changes that range from subtle metabolic readjustments to dramatic effects on growth and reproduction. For example, in a recent common-garden experiment of Arabidopsis thaliana accessions across a latitudinal cline of Western Europe [2] , temperature gradients of >30 C could be tolerated, presumably because of plasticity in developmental responses. These developmental and physiological changes confer enhanced fitness in anticipation of similar ambient environments in the future. For example, the transition process from mild temperatures to sub-extreme temperatures, which in themselves do not induce thermal damage, provide signals to 'prime' the plant for further, future stress conditions of freezing or heat-shock. The predicted consequences of global climate change include increased fluctuation and greater extremes superimposed on a trend to warmer mean temperatures [3] . There are likely to be profound consequences from global climate change in both agricultural and non-agricultural plant communities. Some estimates have suggested that, by 2080, up to 33% of European plant communities may go extinct, or become vulnerable or committed to extinction, in response to the projected relatively modest increases in mean ambient temperature [4] . It is thus critical to understand the mechanism(s) of thermal sensing in plants.
Most mechanistic studies on temperature sensing in plants have focused on the pathways leading to temperature stress tolerance. In particular, coolness acclimates a plant to resist freezing, and warmth induces heat tolerance [5] . It is notable that temperature also affects plants within a non-stress range, and on a timescale from milliseconds to the lifespan. Dominated by experiments relating to the effects of small changes in temperature on photosynthetic potential, decades of research have clearly shown biophysical effects of temperature on light capture, and thus, energy production ( [6] and references within). Furthermore, nonstressful temperatures strongly influence developmental decisions, including flowering time [7] . It is thus clear that ambient temperature is a critical issue of consideration in interpreting plant performance.
Over the last ten years, developmental studies, chiefly in A. thaliana, have demonstrated molecular-genetic paradigms for thermal responsiveness. These include the effects of temperature on hormone signaling, flowering time, the circadian clock, light-signal transduction, and cold and heat acclimation, which is the pre-priming of the acquisition of hardiness [5] . Taken together, it is clear that a wide range of processes in plants are controlled by thermal-perception systems, termed here 'thermometers'. In microbial and animal systems, various biophysical thermometers have been proposed, from the melting of RNA hairpins in bacteria [8] , and RNA splicing and ribosome-loading in fungi [9] , to ion-channel activation in insects [10, 11] . However, in no instance has the nature of the primary perception of temperature in plants been fully described. Indeed, the identity of plant thermometers remains one of the great mysteries in the plant sciences. Here we discuss several physiological processes under temperature control, consider attributes for a plant thermometer (Box 1), and consider potential thermometer candidates.
The Role of Temperature in Control of Flowering Time
The developmental transition from vegetative to reproductive growth is affected by a number of endogenous and external cues, the most influential of the external cues being temperature and photoperiod [12] . A number of signaling pathways converge to control the expression of the floral integrator gene FT (FLOWERING LOCUS T) [13] . Here we focus on one aspect of flowering-time regulation involving temperature: warmth-induced flowering.
The phytochrome B (phyB) protein is a photoreceptor prominent in the detection of shade. Interestingly, the phyB mutant was found to be a temperature-dependent earlyflowering mutant [14] . These physiological experiments revealed a connection between light perception and thermal sensing but did not reveal how this was possible. Plants express a small family of phytochromes (five in A. thaliana) and one possibility is that changes in ambient temperature modify functional relationships among family members [15] . The shade-avoidance response elicited through phytochromes in response to low red to far-red light ratios increases critical cold-responsive CBF gene expression (see below) to levels sufficient to elicit cold acclimation at higher temperatures than normally required [16] . In addition, there may be additional temperaturesensitive steps in or downstream of the phytochrome-signaling pathways [16] .
One candidate in the signaling mechanism linking temperature sensing to the transition to flowering is a class of microRNAs (miRNAs) responsive to ambient temperature [17] . Changes in the ambient range lead to alterations in steadystate miRNA abundance. Furthermore, overexpression of miR172 led to increased expression of FT and early flowering, irrespective of temperature. This suggests that altered accumulation of a specific miRNA, as a reaction to changing ambient temperatures, is important in the generation of a thermal response [17] . It seems quite plausible that a second temperature-sensitive step could be the binding of the miRNA to targets, but this has not been investigated, underscoring the fact that much remains to be learned about the role of small RNAs in temperature responses and flowering time.
Auxin and Growth
Organ size in plants is exclusively controlled by cell division and cell expansion, and plant hormones play a major role in both processes. Auxin is a key hormonal factor potentiating both division and elongation [18] . Interestingly, the capacity of auxin to influence organ size is highly sensitive to subtle changes in ambient temperature. A small increase in temperature promotes growth, an effect that is diminished in auxin mutants with reduced sensitivity to, or levels/ transport of, this phytohormone [19] . This warmth stimulation of elongation growth requires TRANSPORT INHIBITOR RESPONSE2 (TIR2), which encodes an enzyme required for auxin production [20] . Loss of tir2 blocks growth promotion at elevated temperature. TIR2 mRNA accumulation increases at elevated temperature, supporting the earlier observation that auxin levels increase with temperature [19] . Consistent with this, expression of an auxin-induced marker increases at elevated temperature [20] . Thus, at least part of the stimulation of elongation growth at elevated temperature stems from increased auxin synthesis. This does not preclude temperature-dependent alterations in auxin transport or in auxin sensitivity, but as yet there is no mechanistic evidence that this occurs.
A class of potent growth repressors in plants, termed DELLAs, directly represses transcription of genes that coordinate cell division and cell elongation [21] . The bHLH transcription factor PIF4 has been proposed to potentiate DELLA responses [22, 23] , including responses to warmer ambient temperature [24, 25] . Interestingly, PIF4 can also function in warm responses independent of DELLA signaling [18] , and PIF4 is also a component of a coolness response [26] . It remains controversial from various PIF4/DELLA experiments if this is an auxin-mediated process [25] , or is more dominantly controlled by another class of plant hormones [22, 23] . Either way, the observed changes in developmental architecture were attributed to elevated transcription of an auxin-responsive gene [24] .
Circadian Clock: Compensation versus Entrainment
The plant circadian clock is required for plants to synchronize to predictable changes in the diurnal environment that occur each day [27] . The day-night cycle generates matched light/warmth and dark/coolness cycles. Predicting future changes in light and temperature provides a fitness benefit to plants, and the circadian clock is required for this process [28, 29] . It perhaps is not surprising that, as plants are photoautotrophic organisms, the circadian clock plays a major role in the capacity of the organism to temporally couple light capture to carbon fixation, and thus basal metabolism, and to apportion these processes to appropriate times of day [27, 30] . Circadian clock mutants grow poorly because of defects in these processes [31, 32] .
Temperature is a key environmental signal directing clock action. The role of temperature in the clock is exemplified by the regulatory dominance of the clock on global transcription. Current estimates are that the plant clock coordinates the steady state levels of about 10,000 transcripts [27] , illustrating the clock's dominant role in physiology and growth. Elegant molecular-genetic studies have largely defined the core of the oscillator [27] , and this allows a preliminary understanding of how environmental signals intersect with this predictive signaling system. Temperature has two competing actions on the plant circadian system. On one hand, changes in mean ambient temperature are resisted by the oscillator in a process termed 'temperature compensation'. This compensation buffers oscillator speed from changes in the ambient thermal environment, thus ensuring an about-aday cycle for the clock despite the vagaries of weather. For this compensation mechanism, clock components are required [33] , and components previously known for their role in the response to prolonged exposure to near-freezing temperatures that occur in the winter, termed vernalization, have also been shown to modify clock action [34] . This has led to the interesting discovery that this winter response can itself modify daily timing behaviors. Still, how the enzymatic machine that is the circadian oscillator resists ambient thermal changes remains poorly understood in plants.
A second effect of temperature is to act as a resetting cue in a process termed entrainment. Daily temperature oscillations as low as D4 C reset the plant circadian oscillator [35] . How such small differences in temperature reset the clock is not known. Furthermore, it is entirely unclear how a temperature-compensated clock can maintain constant period at different temperatures yet be reset by those same temperature changes in entrainment processes. Interestingly, and seemingly relevant to understanding these conflicting effects, several clock components are known to be preferentially required for the resetting signal provided by temperature cycles [36] . What neither the compensation nor the entrainment experiments have to date assessed is the nature of the temperature sensor that is relevant to the circadian oscillator.
Genetics and Fitness: A Role for Heat-Shock Proteins A key distinction between plant and animal development is the extent of plasticity displayed by plants. As described above, numerous plant responses are altered dramatically by small changes in temperature. Micro-evolutionary studies have been used to test the assumption that such changes provide a fitness benefit. One candidate for resistance of extended ambient warmth is the heat-shock pathway. In a small survey of natural accessions of A. thaliana, transcript abundance of the protein chaperone HSP101 was found to vary, and this correlated with the latitude from which accessions originated. Furthermore, mutations in HSP101 rendered plants less fit than wild-type individuals [37] . In a separate study, the molecular basis of incompatible epistatic allele interactions was shown to be dependent on the ambient thermal environment. The defined genetic The parameter that a given thermometer needs to convey will depend on the response to which it is coupled, e.g., perception of average, relative, and maximal versus minimal temperatures are all likely to be required for different outputs. Longer-term responses appear less likely to require information about rapid, short-term temperature changes d Memory of previous temperature information may need to be incorporated; this requires a mechanism for information storage and subsequent retrieval. This could occur via modulation of the thermometer output or memory through epigenetic mechanisms d Different thermometers are conceptually plausible for ambient temperature versus stress-temperature perception. However, signal convergence is expected interaction requires deregulated cell death programs typical of disease resistance [38] . Interestingly, the capacity of disease-resistance proteins to signal depends on the heatshock protein (HSP) system, as manipulation of the chaperone HSP90 attenuates resistance-protein signaling [39] . Connecting to this, transcript accumulation of the chaperone gene HSP70 was found to be induced in response to elevated, non-stressful temperatures, indicating that it is an output of the temperature-sensing pathway, and therefore probably downstream of the primary temperature-sensing event(s) [40] . Collectively, one can wonder if the thermosensitive interactions of protein chaperones with their targets offer a plausible mechanism for temperature sensing and whether, considered collectively, protein chaperones could be ambient thermometers in plants.
Towards an Understanding of Primary Temperature Sensing Events
The second messenger calcium (Ca 2+ ) is used in transduction of numerous signal stimuli across kingdoms [41] . An elevation of cytosolic free calcium levels ([Ca 2+ ] cyt ) is one of the earliest events in plants' responses to cooling [42] , primarily due to influx of Ca 2+ from the cell wall [43] . The initial response and subsequent acclimation to freezing is dependent upon Ca 2+ influx [43, 44] . Ca 2+ influx occurs within milliseconds of stimulation; this indicates it is close to the primary sensing event. Indeed, plasma membrane TRP Ca 2+ channels, such as mammalian CMR1, have been cited as primary thermal sensors [45] .
Cold acclimation entails many biochemical and physiological changes, including alterations in membrane composition, increases in total soluble-protein content, and increases in levels of cryoprotectants such as proline and sugars [46] . Significant changes in gene expression are associated with cold acclimation and a class of cold-regulated (COR) genes lies downstream of primary perception and Ca 2+ influx [47] . Key among these are the CBF (CRT/ DRE binding factor)/DREB1 (DRE-binding factor 1) genes, which are rapidly induced within 15 minutes, reaching peak expression within about 2 hours after onset of cold [48, 49] . CBF genes encode transcriptional activators that bind to CRT/DRE elements present in the promoters of COR genes. One of these genes is activated by a calmodulinbinding transcription activator, CAMTA, offering a putative connection to calcium signaling and the very rapid Ca 2+ influx following onset of coolness [48] . Other CBF-independent pathways are also induced in response to cold [49] . It is worth noting that the expression levels of COR and CBF genes do not correlate fully with freezing tolerance among 50 A. thaliana accessions, suggesting considerable complexity in the coolness priming of cold resistance [50] .
As with coolness responses, cytosolic Ca 2+ levels rise in response to heat [51] . Recent work in a lower plant demonstrates that the heat-shock response depends upon the activity of plasma membrane Ca 2+ channels [52] . This leads to one of the longstanding mysteries associated with Ca 2+ signaling: how are different responses elicited by the same change in [Ca 2+ ] cyt ? This dilemma has led to a hypothesis that Ca 2+ transients are key, early events in temperature perception. In animal cells, the dynamics of Ca 2+ transients -the calcium signature -is thought to encode information about the nature and strength of the stimulus, although this concept is not universally accepted in plant cell biology [53] . Nonetheless, the magnitude of Ca 2+ transients in the plant cell correlates positively with the rate of temperature reduction and is also a function of the final temperature reached [54] .
Cold-inducible gene expression as a measure of lowering temperature indicates that Ca 2+ influx is preceded by, and dependent upon, alterations in membrane fluidity. Interestingly, microfilament destabilization occurs downstream of membrane rigidification [55] . This suggests that mechanical changes in the actin cytoskeleton are responsible for activating plasma membrane Ca 2+ channels. The actin cytoskeleton and membrane fluidity are similarly implicated in the responses to Ca 2+ influx. Activation of a cold-sensitive protein kinase, MAPK, requires membrane rigidification, whereas activation of a heat-responsive MAPK is dependent upon membrane fluidity [56] . Therefore, it is possible that cytoskeletal/membrane dynamics offer a supplement to Ca 2+ transients in distinguishing coolness from warmth. Certainly these observations support the hypothesis that the plasma membrane is one primary site of ambienttemperature perception.
Chromatin as a Site of Temperature Sensing
The A. thaliana transcriptome undergoes major reconfiguration in response to cool versus warm temperatures, even at temperatures in which stress responses are not induced. The abundance of w2,500 transcripts increased and another w2,900 decreased at 27 C versus 12 C [40] . A genetic screen for plants whose gene expression profile in cool conditions resembled wild-type plants at warmer temperatures identified mutations in Actin Related Protein 6 (ARP6) [40] . Among the known physiological responses of A. thaliana to elevated temperature is that of early flowering [7, 57] . Indeed, arp6 flowers earlier than wild type at cool temperatures [40] , which is consistent with a role for ARP6 in delaying flowering at cool temperatures, and hence, in ambient-temperature sensing. ARP6 encodes a component of the SWR1 complex necessary for inserting the alternative histone H2A.Z into nucleosomes, which implicates H2A.Z-containing nucleosomes in the response to ambient temperature. Histone H2A.Z deposition at the flowering-time repressor FLC locus was shown previously to be controlled by the SWR1 complex and to control FLC expression [58] .
Chromatin immuno-precipitation (ChIP) assays revealed, in response to warmth, a decrease in H2A.Z histone occupancy at the +1 nucleosome position of the HSP70 promoter, and this was concomitant with increased HSP70 expression. Similar changes in occupancy were also seen in the promoter of the flowering-time integrator FT, possibly explaining the accelerated flowering in arp6 [40] . However, there is no simple relationship between depletion of H2A.Zcontaining nucleosomes and transcriptional induction because elevated temperature results in depletion of H2A.Z from nucleosomes at all promoters, independent of their transcriptional response (either activation or repression) to elevated temperature.
The Wigge group showed that H2A.Z-containing nucleosomes wrap DNA more tightly [40] . They proposed that, for genes upregulated at elevated temperatures, low-temperature inclusion of H2A.Z near the transcriptional start site either prevents the recruitment of a necessary activator or blocks elongation of a bound, but stalled, RNA polymerase II (RNA Pol II). At elevated temperatures, the depletion of H2A.Z allows either the recruitment of the necessary activator or relieves the block of RNA Pol II elongation. For genes down-regulated at elevated temperatures, the presence of H2A.Z-containing nucleosomes would block the recruitment of a transcriptional repressor, which can only access the promoter upon depletion of H2A.Z at higher temperatures. Thus, a single temperature-sensitive response, the depletion of H2A.Z-containing nucleosomes at elevated temperatures, permits either upregulation or downregulation, dependent on the specific mechanism of expression of the promoter. H2A.Z-containing nucleosomes are not found at all promoters, and it will be interesting to see if targets include promoters of genes, such as the COR genes, that are upregulated at cool temperatures. This study by the Wigge group [40] leaves us with the intriguing question of how temperature is initially perceived by the plant, and how this information is translated into changes in histone occupancy. The authors argued that post-translational modifications, such as histone acetylation, might modify the tightness of the nucleosome cores and such modifications could themselves be directly thermally responsive. This could explain one thermometer in plants, but to date, the data are inadequate to resolve this unambiguously.
Concluding Comments
Over a global scale, terrestrial temperature varies in a great number of ways, depending on locality and season. This variation takes, for example, the form of differences in mean temperature as well as the diurnal range of temperature minima and maxima (Figure 1 ). Temperature modulates many processes in plants at a number of levels, suggesting a high likelihood that distinct thermometers exist within a plant cell to detect temperature changes. A recent study has concluded that a single, simple relationship between temperature and all of plant responses to it does not exist [59] . Notably, whereas growth could be empirically modeled as a temperature-dependent process, the correlative analyses of numerous enzyme activities and integrated metabolic processes have revealed a complex relationship between given parameters. The simplest explanation for these complications was reasoned to be the requirement of multiple thermometers, and the presented mathematical models incorporated this logic [59] . Some responses to temperature may be initiated by signaling events, others initiated by the direct physical effects of temperature on protein conformation and enzyme activities. Whether alterations in chromatin state, such as those used to control flowering time, are the result of a direct effect of temperature on protein function, or the result of signaling in response to temperature changes via membrane fluidity and Ca 2+ transients, remains to be demonstrated. As such, the infant sub-discipline of ambient temperature sensing in plants has a great number of grand challenges (Box 2).
While it is likely that non-stressful ambient temperature changes are sensed and transduced differently compared to sensing of extreme temperature changes, it is interesting to note that a number of common components are in pathways previously thought to be unrelated, such as flowering time and cold-regulated gene expression. Notably, numerous proteins play a role in both pathways [60] [61] [62] [63] [64] , indicating unsuspected mechanistic commonalities and perhaps suggesting an adaptive advantage to coordinating developmental and stress-tolerance responses to temperature changes over short and longer timescales. This may argue that common thermometers are used in some pathways that require coordinate regulation by ambient and stress temperature signals.
Global climate models forecast large-scale changes in ambient temperature over virtually all landmasses of the Earth ( [3, 4] and references within). As such, knowing how plants respond to temperature, over differing timescales, is more than simply an academic challenge. Breeding and the ongoing creation of food security will require a fundamental, mechanistic exploration of how plants detect and respond to ambient temperature. With this knowledge, crops can be tailored to faithfully match the projected climate.
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